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REVIEW ARTICLE

Seed germination and vigor: ensuring crop sustainability in a
changing climate
Reagan C. Reed1, Kent J. Bradford 1 and Imtiyaz Khanday 1,2✉

© The Author(s), under exclusive licence to The Genetics Society 2022

In the coming decades, maintaining a steady food supply for the increasing world population will require high-yielding crop plants
which can be productive under increasingly variable conditions. Maintaining high yields will require the successful and uniform
establishment of plants in the field under altered environmental conditions. Seed vigor, a complex agronomic trait that includes
seed longevity, germination speed, seedling growth, and early stress tolerance, determines the duration and success of this
establishment period. Elevated temperature during early seed development can decrease seed size, number, and fertility, delay
germination and reduce seed vigor in crops such as cereals, legumes, and vegetable crops. Heat stress in mature seeds can reduce
seed vigor in crops such as lettuce, oat, and chickpea. Warming trends and increasing temperature variability can increase seed
dormancy and reduce germination rates, especially in crops that require lower temperatures for germination and seedling
establishment. To improve seed germination speed and success, much research has focused on selecting quality seeds for
replanting, priming seeds before sowing, and breeding varieties with improved seed performance. Recent strides in understanding
the genetic basis of variation in seed vigor have used genomics and transcriptomics to identify candidate genes for improving
germination, and several studies have explored the potential impact of climate change on the percentage and timing of
germination. In this review, we discuss these recent advances in the genetic underpinnings of seed performance as well as how
climate change is expected to affect vigor in current varieties of staple, vegetable, and other crops.
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INTRODUCTION
Increases in temperature and carbon dioxide and changes in
precipitation over the 21st century pose a threat to agricultural
productivity in the coming decades (Batley and Edwards 2016; Vogel
et al. 2019; Wing et al. 2021). Climate change will negatively affect
global food supplies, so research on improving agricultural output
under deteriorating climate conditions is necessary to ensure global
food security. Despite traditional breeding efforts, certain stages of
the crop life cycle remain particularly sensitive to climate factors,
including flowering, pollination, seed development, germination, and
seedling growth. Due to reduced sequencing and genotyping costs,
genomics and advanced phenotyping are transforming breeding
strategies and the development of new cultivars of resilient crops
(Edwards and Batley 2010; Voss-Fels and Snowdon 2016). For the
majority of crops, seeds are the delivery system for transferring
advanced genetics into the production field. In particular, rapid and
synchronous seed germination and seedling growth are particularly
important to agricultural output because they are essential for the
establishment of seedlings in the field. Here, we discuss how climate
change is predicted to affect seed germination and vigor and how
recent advances in understanding these processes can be applied to
enable high agricultural productivity under these changing condi-
tions. In this review, we cover recent advances in identifying
mechanisms that would be amenable to use for selection for
improved seed vigor.

Seed vigor is a complex trait that encompasses aging tolerance,
seed dormancy, viability, rapid germination, and seedling estab-
lishment, especially in suboptimal conditions. As seeds age, they
progressively lose their vigor and become increasingly sensitive to
stress upon germination, which occurs between imbibition and
the emergence of the radicle from the seed (Bewley et al. 2013).
Though in many seeds time is required to attain competency for
germination in a dry after-ripening process (Fig. 1), seeds
experiencing prolonged aging eventually lose the capacity to
germinate (i.e., seed viability) entirely. Mechanistically, seed aging
results from damage to cellular processes (Zinsmeister et al. 2020).
It largely depends upon environmental storage conditions, seed
genetics, and the maternal environment (Bewley et al. 2013).
Although aging reduces viability, seeds are generally more
resistant to environmental stressors than seedlings. To minimize
both aging and the exposure of seedlings to environmental
stressors, seeds must regulate germination carefully. Seed
dormancy is responsible for defining the environmental condi-
tions in which a seed can germinate (Finch-Savage and Leubner-
Metzger 2006). Depth of seed dormancy determines the timing of
germination, and seeds cannot germinate until dormancy is
alleviated (Fig. 1). Seed viability is the percentage of seeds
producing normal seedlings in an ideal growing environment,
assuming removal of dormancy before testing (Basra 1995).
Viability provides a user-friendly guide to growers looking to
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assess seed lot quality. Environmental stressors at any time from
seed development to seedling establishment can reduce stand
density, increase the variation in time to harvest, and reduce
harvestable crop yield. Seed vigor, therefore, encompasses all of
these components in the context of environment and seed
genetics to assess the performance of a seed lot.

DORMANCY AND GERMINATION
Dormancy is an adaptive trait in wild plants for avoiding
germination under conditions that would not be conducive to
the survival of the seedlings (Klupczyńska and Pawłowski 2021).
Dormancy can be primary, in which seeds at maturity require
specific conditions, such as moist chilling or dry after-ripening,
before they become capable of germinating, or secondary, in
which non-dormant seeds in unfavorable environmental condi-
tions revert to a state of dormancy (Fig. 1). Primary dormancy can
be imposed through physical features (e.g. water-resistant seed
coats in many pulses, which prevent hydration of zygotic tissues)
(Bolingue et al. 2010), and physiologically, through hormones
(Bewley et al. 2013). In crops, residual primary dormancy at sowing
time can reduce germination percentages and rates (inverse of
times to germination), which in turn affects stand uniformity. In
bulk-harvested crops, stand uniformity is essential, because plants
with delayed development may not produce a harvestable
product. Therefore, domestication has selected against crop seed
dormancy in many cases, favoring faster germination and an
increased range of threshold temperatures and water potentials of

crop species (Durr et al. 2015). Breeding programs have benefitted
from investigations into the genetic networks underlying dor-
mancy, especially when considering dormancy induced by
temperature extremes; however, complete removal of dormancy
is detrimental to agriculture, since this can result in pre-harvest
sprouting. Pre-harvest sprouting occurs when untimely rain before
harvest causes seeds to germinate before being shed from the
mother plant and is due to insufficient dormancy. Pre-harvest
sprouting drastically reduces seed quality and longevity (Gualano
et al. 2014; Soltani et al. 2021), where longevity is defined as seed
viability after dry storage (Bewley et al. 2013). Pre-harvest
sprouting and its underlying genetics and regulation have been
reviewed elsewhere (Rodríguez et al. 2015; Vetch et al. 2019).
The process of germination involves bidirectional interactions

between the embryo and the endosperm, with the endosperm
acting as an environmental sensor that regulates the growth of
the embryo and the embryo controlling the degradation of the
endosperm (Yan et al. 2014). Additionally, multiple interacting
physical and hormonal factors control germination (Chahtane
et al. 2017). Regulation of xyloglucan biosynthesis in the embryo
and endosperm plays a key role in endosperm weakening,
allowing germination to occur (Nonogaki 2019). Additionally, the
cutin coat that lies between the endosperm and the testa
negatively influences germination, while the sheath between the
endosperm and the embryo facilitates germination (Nonogaki
2019). Since the embryo, endosperm, and maternal tissues have
different genetic compositions that contribute to both the
physical and genetic basis of dormancy, it is important to consider
tissue-level differences when searching for genes associated with
germination and dormancy; however, most quantitative trait locus
(QTL) mapping studies ignore these tissue-level distinctions.
Despite this shortcoming, work to isolate the impact of each of
these tissues on dormancy has been conducted in rice (Gu et al.
2015). The researchers were able to isolate three seed dormancy
loci, each one unique to either embryo, endosperm, or maternal
tissues. The QTL associated with endosperm-imposed dormancy
had an additive effect on germination and contained OsGA20ox2,
a gibberellin synthesis gene whose expression in the endosperm
is believed to control primary dormancy through a gibberellin-
regulated mechanism associated with the timing of dehydration
(Supplementary Table S1; Ye et al. 2015).

Hormonal control of dormancy and germination
The transition from dormancy to competency for germination is
dictated by the balance between abscisic acid (ABA) and
gibberellin (GA) levels in the seed, with a lower ABA/GA ratio
required for alleviating dormancy and permitting germination
(Fig. 1). These hormones are mutually antagonistic, with each
downregulating the other’s metabolism (Fig. 2; Bewley et al. 2013).
While the mechanism controlling the balance between ABA and
GA and the role of this balance in seed germination remains to be
fully elucidated, recent work has suggested the presence of an
ABA repressor complex (Nonogaki and Zhang 2020). Such a
complex could initiate germination through coordinated suppres-
sion of ABA signaling. Weighted gene correlation network analysis
has shown that the genetic regulation of the ABA/GA ratio
contains numerous genes involved in seed vigor that are
expressed in the endosperm of tomato seeds (Bizouerne et al.
2021).
Response to the seed production environment involves

numerous overlapping networks of genes in both maternal and
zygotic tissues (Penfield and MacGregor 2017). Environmental
factors associated with climate change affect the network of
genes and hormones controlling germination in grains such as
rice (Liu et al. 2019; Suriyasak et al. 2020) and wheat (Izydorczyk
et al. 2018) and vegetables such as lettuce (Huo et al. 2013) and
tomato (Geshnizjani et al. 2018). Temperature is a major
environmental factor that affects the degree of dormancy, with

Fig. 1 Schematic illustration of the interaction of genetic,
hormonal, and environmental signals for regulation of seed
dormancy and germination. During seed development, genotype
and environment influence the biosynthesis of abscisic acid (ABA) in
the seed, inducing differing depths of primary dormancy. Dormancy
is alleviated in these seeds with light, temperature, after-ripening, or
chilling. Different genotypes or environmental conditions during
seed filling can cause less ABA accumulation in the seed, leading to
non-dormant seeds and removing the need for breaking the
primary dormancy. Non-dormant seeds in conditions meeting their
water and temperature requirements for germination then shift
their gibberellin (GA) to ABA ratio higher, promoting germination.
Seeds in which primary dormancy has been removed or non-
dormant seeds under temperature extremes, anoxia, light condi-
tions, or aging stress can experience relative dormancy, and with
extended time in these conditions, can induce secondary dormancy.
Secondary dormancy and relative dormancy can be alleviated with
time under proper light, temperature, after-ripening, and/or chilling
conditions.
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even 1 °C difference in sensitive ranges capable of determining
dormancy (Springthorpe and Penfield 2015). Dormancy is
commonly greater in seeds that develop at temperature extremes
(Penfield and MacGregor 2017; Toh et al. 2008). In rice, researchers
have shown that high temperatures and drought stress cause ABA
accumulation through the induced expression of 9-CIS-
EPOXYCAROTENOID DIOXYGENASEs (NCEDs) (Liu et al. 2019;
Suriyasak et al. 2020), which mediate seed dormancy, plant
growth, abiotic stress tolerance, and leaf senescence (Huang et al.
2018). In many plants and tissues, ABA biosynthesis is rate-limited
by NCED enzymes (Nambara and Marion-Poll 2005). As such, this
class of genes presents numerous candidates for manipulating
temperature-induced dormancy to maximize agricultural yield in a
changing climate. In Arabidopsis, NCED genes and their functions
are well-characterized. Five NCED genes (AtNCED2/3/5/6/9) are
likely involved in ABA biosynthesis (Lefebvre et al. 2006). AtNCED6
is expressed specifically in the endosperm (Lefebvre et al. 2006),
and its induction during seed development is sufficient for
increasing dormancy (Martínez-Andújar et al. 2011). AtNCED3 and
AtNCED5 are drought-inducible ABA biosynthesis genes important
for regulating ABA levels during water stress (Tan et al. 2003;
Ruggiero et al. 2004; Frey et al. 2012). AtNCED5, AtNCED6, and
AtNCED9 synthesize ABA in the embryo and endosperm during
the onset of primary dormancy (Lefebvre et al. 2006; Seo et al.
2006; Martínez-Andújar et al. 2011; Frey et al. 2012). ABA produced
in the endosperm can be transported into the embryo: export of
ABA from the endosperm is controlled by ATP-BINDING CASSETTE
TRANSPORTERS, SUBFAMILY G (ABCG) genes AtABCG25 and
AtABCG31, and import into the embryo is controlled by AtABCG30
and AtABCG40 (Kang et al. 2015). AtNCED2, AtNCED5, and AtNCED9
are induced by high temperature in imbibed seeds, and mutating
them leads to a loss of thermoinhibition (Seo et al. 2006; Toh et al.
2008).
Because each NCED gene has an overlapping yet distinct

function, manipulating these genes and their promoters may
permit fine-tuning seed dormancy to specific field conditions (Frey
et al. 2012). However, specific NCEDs are not highly conserved

between crops. As such, it is difficult to identify which NCEDs to
target for alleviating crop dormancy and improving germination
without first characterizing these genes. One tool that has proven
useful for this task is QTL mapping. For example, using QTL
mapping, researchers have investigated the NCED gene family as
potential targets for mitigating heat-induced dormancy in lettuce,
a species highly susceptible to thermoinhibition (Huo and
Bradford 2015). By using a recombinant inbred line (RIL)
population from a thermotolerant lettuce cultivar and a heat-
susceptible cultivar, the researchers found a QTL in which they
identified LsNCED4 (Argyris et al. 2011). Gain or loss of function of
LsNCED4 can mediate seed thermoinhibition (Huo et al. 2013;
Bertier et al. 2018).
In addition to ABA synthesis genes, ABA response genes play

key roles in seed dormancy. ABSCISIC ACID-INSENSITIVE (ABI) genes
are primarily responsible for carrying the ABA signal through to
the dormancy phenotype (Fig. 2), and abi mutant plants can have
a significantly reduced response to ABA treatment (Söderman
et al. 2000). ABI3, ABI4, and ABI5 are key ABA-related transcription
factors promoting seed dormancy, and expression of ABI3, ABI4,
and ABI5 is higher in dormant seeds than in non-dormant seeds
(Shu et al. 2013; Huang et al. 2017; Skubacz and Daszkowska‐Golec
2017). A recent study in tomato showed that ABI4 could be
associated with the acquisition of seed vigor in the embryo
(Bizouerne et al. 2021). ABI5, a transcription factor shown to
enhance dormancy in Arabidopsis (Wu et al. 2015), is important in
downregulating PHOSPHATE1, a gene involved in reducing
sensitivity to ABA (Huang et al. 2017).
While ABA and GA are the primary regulators of seed dormancy

and germination, other hormones can impact the expression of
key genes in a complex regulatory network. For example,
exogenous auxin application in soybean represses germination
by increasing the ABA/GA ratio (Fig. 2; Shuai et al. 2017).
Furthermore, overexpressing the auxin signaling down-regulator
microRNA 160 (miR160) or mutating auxin receptors or auxin
biosynthesis genes releases seed dormancy (Liu et al. 2013). This
dormancy release occurs through stimulation of ABI3 expression,
and AUXIN RESPONSE FACTOR 10 and 16, which are auxin signaling
genes regulated by miR160, are required for the expression of ABI3
in Arabidopsis (Fig. 2; Liu et al. 2013). ABA/GA signaling can also be
affected by microRNAs. MiR9678, a miRNA specifically expressed
in scutellum tissue of developing seeds, can affect seed
germination: overexpression of miR9678 in wheat leads to delayed
germination by reducing GA level, and miR9678 silencing
improves germination (Fig. 2; Guo et al. 2018).
DELAY OF GERMINATION 1 (DOG1) is a key seed-specific

regulator for the ABA and GA cross-talk that represses GA
biosynthesis (Bentsink et al. 2006; Née et al. 2017) and determines
the initial depth of seed dormancy (Footitt et al. 2020). DOG1 is
responsive to temperature, allowing it to interface environmental
signals with the ABA/GA network (Fig. 2). It is upregulated in
response to cold (Kendall et al. 2011) and therefore may impact
the germination of seeds planted in springtime. DOG1 also acts as
a link between ABA and GA for crosstalk between ABI5 and ABI3
(Dekkers et al. 2016) and GA biosynthesis genes (Graeber et al.
2014), likely mediating the balance between these two hormones
to allow a coordinated hormonal shift during dormancy alleviation
and germination (Fig. 2). DOG1 also influences the levels of
miR156 and miR172 that regulate the plant life cycle progression,
coordinating seed dormancy and flowering phenotypes with
environmental factors (Huo et al. 2016). The researchers showed
that overexpression of miR172 promotes early flowering and
reduces seed dormancy in Arabidopsis and that this effect requires
functional DOG1. Because DOG1 determines the initial depth of
seed dormancy, allelic variants can provide species growing across
multiple climates the capacity to adapt dormancy and germina-
tion timing to local conditions (Kerdaffrec et al. 2016; Martínez-
Berdeja et al. 2020). Orthologs of DOG1 are common to many

Fig. 2 Schematic illustration of hormonal regulation of seed
dormancy and germination, crosstalk between hormonal signals
and other regulators, and effects of climate change on these
processes. Abscisic acid (ABA) maintains seed dormancy through a
gene expression network of ABSCISIC ACID INSENSITIVE (ABI)
transcription factors. Gibberellins (GA) promote seed germination
through GA signaling pathway genes like SLY1 and GID1. Rice GID2 is
orthologous to Arabidopsis SLY1. Drought stress and high-
temperature conditions can induce ABA biosynthesis, leading to
elevated dormancy. Low temperatures promote ABI3 expression and
downregulate GA biosynthesis through DOG1. Auxin signaling,
which is under miR160 regulation through ARFs, leads to the
biosynthesis of ABA and the promotion of ABA signaling genes.
MiRNAs such as miR9678 in wheat can play roles in maintaining
hormonal balance. DOG1 DELAY OF GERMINATION 1, NCED 9-CIS-
EPOXYCAROTENOID DIOXYGENASE, ARF AUXIN RESPONSE FACTOR, SLY1
SLEEPY1, GID1 GIBBERELLIN INSENSITIVE DWARF1, GA-ox GA OXIDASE.
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plant species. Researchers have investigated DOG1-Like (DOG1L)
genes in cereals and identified 5 DOG1L groups, four of which are
functionally orthologous to AtDOG1 (Ashikawa et al. 2013). The
numerous DOG1L orthologs common in many species may
provide a library of possible genes for manipulating seed
dormancy through transgenic approaches. This tactic has been
employed in wheat using Triticeae DOG1L genes (Ashikawa et al.
2014).

SEED VIGOR
Defining seed vigor
While seed viability tests are user-friendly and helpful for growers
looking for a rapid assessment of seed lot quality, viability is a
poor predictor of a seed lot’s performance in field conditions. This
is because, in an ideal growing environment, seeds of the same
cultivar from different sources or production environments may
have similarly high germination percentages and therefore high
levels of seedling establishment; however, when placed in
stressful environments like the variable conditions common in
the field, these same seeds can have drastically different capacities
for establishing into healthy seedlings. This capacity to germinate
and emerge quickly, particularly under stressful conditions, has
been termed “seed vigor”. Seed vigor is a complex agronomic trait
that includes the performance in the field as well as seed storage
history. The International Seed Testing Association (ISTA) has
defined seed vigor as the sum of those properties that determine
the activity and performance of seed lots of acceptable
germination in a wide range of environments (Seed Vigour
Testing 2021). This definition does not interpret seed vigor to be a
single quantifiable property, but rather a trait that includes the
seed’s ability to still germinate after storage and under adverse
conditions, in addition to the seedlings’ ability to grow normally
and uniformly. Therefore, seed vigor describes the performance
potential of viable seeds in an agricultural context. Because seed
vigor is based upon complex interactions between genes and the

environment, it can be modified by numerous environmental
factors (e.g., soil water availability, temperature, developmental
stage at harvest, and harvest and storage conditions (Figs. 3 and 4;
Sun et al. 2007). Some environmental stressors are common to
agricultural seedbeds: for example, after sowing, soil conditions
tend to deteriorate with time as moisture recedes and soil
strength increases. Seeds that are genetically optimized for these
common field environment conditions, and have been handled
and stored properly, have higher vigor. High vigor seeds,
especially in small-seeded crops, implement a stress avoidance
strategy in deteriorating soil conditions through rapid seedling
establishment while soil conditions are adequate. The success of
this approach depends on fast germination upon sowing, rapid
root growth to reach receding moisture, and upward shoot
growth through the soil to reach the surface (Finch-Savage et al.
2010).

Measuring seed vigor
Historically, seed vigor has been difficult to quantify. While no
single test has been developed to measure all aspects of seed
vigor, and few tests apply to all crops, the performance potential
of seeds can be determined in several manners. One common
approach for assessing seed vigor is to first subject seeds to rapid
aging under controlled conditions by elevating the temperature
and seed moisture content. Differences in vigor between seed lots

Fig. 3 Schematic diagram showing various factors associated with
climate change and their effect on seed vigor. Drought stress or
heat stress during grain filling is expected to reduce seed vigor.
Drought and heat stress during seed storage, seed germination,
and early seedling growth will also lead to further deterioration of
seed vigor. Additionally, flooding during germination can reduce
seed vigor.

Fig. 4 Effects of climate change on seed vigor and possible
approaches to amend it for ensuring vigorous crops. Stressors
associated with climate change such as temperature and moisture
extremes reduce seed vigor. If these stressors are present during
seed filling, they can lead to seed variation and deep primary
dormancy. During storage, they can cause residual dormancy and
excess aging and during germination, they lead to thermoinhibition
and delayed/variable germination. Each of these effects can reduce
the viability and performance of a seed lot, reducing yield. Breeding
for climate-resilient cultivars is likely to improve seed vigor in the
face of climate change stressors. Manipulating genetic factors
associated with dormancy provides an avenue for breeding climate
change-resilient crops and may be used to directly alleviate deep
primary dormancy, residual dormancy, and thermoinhibition.
Manipulation of genes associated with seed longevity such as
certain annexins and miRNAs can reduce excess aging. Seed
priming can help remove residual dormancy and thermoinhibition
and can improve the speed and uniformity of seedling establish-
ment. Improved seed testing will better inform farmers, allowing
them to more accurately predict the field performance of a seed lot
and plan sowing density accordingly.
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are enhanced under these conditions and can be detected
through a standard germination test (Finch-Savage and Bassel
2016). The difference in seed germination over accelerated aging
(AA) timepoints can be used to fit a survival curve and calculate a
viability constant useful for assessing seed lot aging dynamics
(Ellis and Roberts 1980). This approach is useful in small-seeded
crops such as lettuce (Kraak and Vos 1987). Additionally, because
AA reduces seed vigor, studies have used AA to manipulate the
vigor of a seed lot (Baek et al. 2018). Marcos-Filho (2015) describes
this and other seed vigor tests in detail. However, results at
elevated moisture contents can differ from those at lower
moisture contents (Schwember and Bradford 2010), and for
prediction of seed storage life, moisture contents lower than those
in equilibrium with 60% relative humidity (RH) are recommended
(Walters et al. 2020). At these moisture contents, elevated
temperatures (up to 60 °C) can be used to speed aging.
Accelerated aging at higher RH, such as the test at 100% RH
and (41–45 °C) approved by ISTA for soybean (TeKrony 2005), can
rapidly reduce seed vigor and viability, but the mechanism of
aging is distinct from that occurring during seed storage
conditions. Recently, advancement for assessing viability and
vigor using computerized image analysis has proven efficient in
numerous crops including soybean, (Lee et al. 2017), carrot (De
Marchi, Cicero (2017)), maize (Castan et al. 2018), onion (Gonçalves
et al. 2017) and wheat (Fan et al. 2020). Additionally, Brassica
oleracea is a species susceptible to “blindness,” which causes
failure at the growing seedling apex early in seedling develop-
ment, and researchers are developing tools for predicting
susceptibility to this vigor-reducing condition by combining
multispectral imaging, chlorophyll fluorescence, and oxygen
consumption on a seed-by-seed basis (Bello and Bradford 2021).
The development of rapid screening and sorting of high vigor
seeds may provide a tool for ensuring that only the highest quality
seeds are used for sowing (Nehoshtan et al. 2021; Seed-X 2021).
The seed germination trait most closely associated with vigor is

the speed of germination (Wheeler and Ellis 1992; Bradford et al.
1993) and has long been recognized as a key trait for seed vigor
testing (McDonald 1975). Vigorous seeds have high germination
rates (GR), or the inverse of the time to radicle emergence of a
specific percentage (GRg or 1/tg), and the values of GRg decline as
seeds age and vigor decreases. Recently, GR has informed genetic
analyses of seed vigor in small, direct-seeded crops such as
Brassica oleracea (Bettey et al. 2000) and rice (Guo et al. 2019; Yang
et al. 2021), as well as large-seeded crops such as field pea
(Lamichaney, Parihar, et al. 2021). Unfortunately, this measure of
seed vigor is underutilized as it requires repeated observations of
germination percentages at frequent intervals, which is too labor-
intensive for routine seed testing. Early counts of normal seedlings
are included in ISTA rules and represent at least one point during
the germination time course indicating the speed of germination
(Matthews et al. 2011; Ilbi et al. 2020). Seedling growth tests are
also often used as indicators of seed vigor. However, seedling
growth rates after radicle emergence are often independent of
germination timing (Tarquis and Bradford 1992), so differences in
seedling size at a specific time after imbibition are primarily due to
the differences among seeds in their times to germination, as
seedlings from earlier germinating seeds have longer times to
grow until the end of the test (Matthews and Khajeh-Hosseini
2007). It has also been proposed that the incidence of abnormal
seedlings can be deduced from analysis of germination time
courses (Bradford et al. 1993), as the lag period before
germination commences indicates the extent of repair processes
due to damage sustained during aging (Matthews and Khajeh-
Hosseini 2007). Thus, assessing germination rates would be a
single vigor index that could largely replace other labor-intensive
and more subjective vigor assays. Automated imaging methods
enabling repeated observations (Matthews and Powell 2011;
Colmer et al. 2020) or measurements correlated with radicle

emergence such as single-seed respiration rates (Bello and
Bradford 2016) will likely enable wider use of seed germination
time courses and of GR as a broad purpose seed vigor index soon.

Seed dormancy and vigor overlap
Seed dormancy functions to ensure germination occurs only
during the right season that will allow the successful seedling
establishment and thereby survival of the species (Chahtane et al.
2017). It is induced in the freshly produced seeds during the
maturation process on the mother plant (Finch-Savage and
Leubner-Metzger 2006). Dormancy can be released by a period
of dry storage or after-ripening, most likely by the accumulation
and action of reactive oxygen species which can degrade
germination-inhibiting molecules like lipids, mRNAs, and proteins
(El-Maarouf-Bouteau et al. 2013). Most orthodox seeds possess
remarkable desiccation tolerance and can retain viability for
considerable periods, even for centuries in some instances
(Walters et al. 2010; Rajjou et al. 2012). Though after-ripening
may be required to break primary dormancy and allow germina-
tion, prolonged aging also leads to seed deterioration and loss of
viability due to oxidative damage (Schwember and Bradford 2011;
Groot et al. 2012; Morscher et al. 2015). Prolonged aging can lead
to delay and failure of germination, and seeds also become more
sensitive to stresses during germination, resulting in poor seedling
development and establishment (Roberts and Ellis 1989; De Vitis
et al. 2020). Oxidation during storage plays a major role in
increasing the rate of aging as seeds stored in anoxia retain
viability longer (Schwember and Bradford 2011; Groot et al. 2015).
Aging-driven seed longevity is also affected by the temperature
and moisture content of the seeds (Roberts and Ellis 1989; De Vitis
et al. 2020). Seed vigor measurements include testing for traits
such as seed longevity, germination capacity, and early stress
tolerance. These parameters indicate the ability of seeds to
germinate and result in seedlings that can give rise to a healthy
and vigorous plant. Thus, it is pertinent to stress the fact that seed
dormancy and vigor represent aspects of a physiological
continuum that begins on the mother plant during seed
maturation, reaches peak vigor after the loss of primary dormancy,
and ends eventually with the loss of seed viability.

Environmental factors affecting seed vigor
The environment directly affects seed vigor throughout seed
development, storage, and pre-seedling emergence (Fig. 3). For
example, high-temperature stress during seed filling reduces the
germination and vigor of soybean (Egli et al. 2005) and field pea
(Lamichaney, Parihar, et al. 2021). Temperature stress during seed
filling can reduce seed vigor of hybrid rice, possibly by affecting
starch accumulation and structure (Wang et al. 2020). High-
temperature and humidity stress during soybean seed develop-
ment reduce seed vigor by negatively impacting key signaling
pathways (e.g., ABA-mediated, MAPK, G protein-mediated, cal-
cium-mediated, and phosphatidylinositol), metabolic pathways,
plant physiology, and biochemistry, and high seed vigor can be
maintained under high-temperature and humidity conditions in
part by enhancing protein synthesis and nutrient storage in the
cotyledons (Wei et al. 2020). Heat stress also impacts seeds in
storage (Fig. 3). For example, oat seeds stored at 50 °C versus 35 °C
for less than 2 days had significantly decreased seed vigor, and
subsequent proteomic analysis showed that heat-responsive
protein species and mitochondrial respiration were sensitive to
heat stress (Chen et al. 2016).
Like high temperatures, drought stress during seed develop-

ment can severely diminish seed vigor (Fig. 3). Drought stress
during seed filling reduces seed vigor in soybean (Dornbos et al.
1989; Samarah et al. 2009; Wijewardana et al. 2019) and barley
(Samarah and Alqudah 2011). Crop seeds are also particularly
susceptible to drought and salinity stress during germination,
including maize (Khodarahmpour 2011; Liu et al. 2015), sunflower
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(Kaya et al. 2006) tomato (Ishola Esan et al. 2018), and cucumber
(Bakhshandeh et al. 2021).
In many crops, seed vigor also declines rapidly in excess

moisture. Because many crops have been bred for rapid
imbibition upon sowing to hasten germination, they are
particularly susceptible to flood damage, which limits the
availability of oxygen (Fig. 3). This is a major issue, especially in
pulses (Soltani et al. 2017), which are often grown as rainy
season crops.
While the effects of other abiotic factors associated with climate

change have been explored, there is relatively little published
research on the effect of elevated CO2 levels on seed vigor. CO2

concentration does not significantly affect vigor during seed
storage, since seeds are often stored in a CO2-rich environment for
pest control, and this environment does not reduce seed quality
(Shekar et al. 2018). The effects of elevated CO2 during seed filling
are variable between species (Lamichaney and Maity 2021). One
study showed reduced seed vigor at elevated CO2 concentrations
(>610 ppm) in rice (Lamichaney et al. 2019). However, the
susceptibility of seed vigor to elevated CO2 appears dependent
on the species. For example, in a chickpea study, elevated CO2

concentrations (566–630 ppm) did not affect seed vigor (Lamicha-
ney, Tewari, et al. 2021). Additional work is necessary to determine
whether elevated CO2 levels could impact seed vigor more
prominently in combination with other factors.

Seed vigor in the context of climate change
Traditionally, germination percentage has been used to determine
the quality of a seed supply, and farmers select the time to sow their
crops to maximize the growing season and the potential yield of their
crop using this percentage to gauge the sowing density. However,
because seeds must often be sown at suboptimal times for crop
establishment, this germination percentage is not indicative of the
actual seedling emergence under adverse conditions and can lead
farmers to underestimate their seed requirements, leading to a loss in
overall yield. Climate change is likely to worsen the conditions into
which seeds must be sown in the field as farmers face temporal
constraints for maximizing the growing season (Fig. 4). Therefore,
seed vigor is becoming an increasingly essential agronomic trait in
maintaining high seedling emergence. Additionally, seed germination
under stressful conditions reduces the uniformity of establishment
time within a seed lot, and this variation in time to establishment
often leads to variation in the maturity of plants within a crop stand.
Because stand uniformity and achieving expected plant populations
per unit area are essential in obtaining a high yield in bulk-harvested
crops, low vigor seeds can cause significant losses in overall
harvestable yield. Climate change will likely increase the variability
in seed establishment time by reducing vigor, leading to a lack of
uniformity of the crop stand and losses in yield (Fig. 4). Reduction in
seed vigor has been shown to detrimentally impact the uniformity,
growth, development, and yield of crops such as soybean (Ebone
et al. 2020). As a result, robust seeds with improved vigor are
necessary for improving stand uniformity in the stressful environ-
mental conditions encountered in the field, and improved seed vigor
will therefore help to increase overall harvestable agricultural product.
Successful stand establishment is also important for forming a crop
canopy, which reduces weed growth and therefore herbicide usage.
As such, seed vigor plays an important role in the yield and
profitability of the crop and can help reduce grower costs.
Climate change is expected to have a more pronounced effect

during the early stages of plant development—germination and
seedling establishment—than in the adult stages (Lloret et al.
2004; Fernández-Pascual et al. 2015). Germination of imbibed
seeds exposed to high temperatures is either inhibited (thermo-
inhibition) or prevented (thermodormancy). Thermoinhibited
seeds can germinate immediately under favorable temperatures;
however, thermodormancy induced by prolonged exposure to
higher temperatures may not allow germination even when the

temperatures are lowered. This phenomenon has been reported in
several crop species like tomato (Geshnizjani et al. 2018), lettuce
(Huo et al. 2013), barley (Leymarie et al. 2009), and several forest
species including Pinus (Guo et al. 2020). With rising global
temperatures and increasingly variable precipitation, more crops
are expected to become susceptible to either thermoinhibition or
thermodormancy during germination. Thus, research into under-
standing the genetic aspects of seed germination and vigor and
characterizing the genes that can alleviate the effects of elevated
temperatures and precipitation variability is critical for crop
establishment and food security.

CURRENT APPROACHES TO IMPROVE SEED VIGOR
Seed priming/treating
One strategy that has proven effective in speeding germination is
seed priming, which is a seed prehydration and drying treatment
applied before sowing (Halmer 2004). Seed priming is now a
widespread commercial practice to increase seed performance,
primarily by reducing the time to germination and improving
uniformity. Priming can also allow seeds to be sown earlier to
maximize the growing season: seed priming has been reported to
improve cold tolerance in maize primed with salicylic acid (Farooq
et al. 2008) or chitosan (Guan et al. 2009), capsicum primed with
thiourea, hydrogen peroxide (Yadav et al. 2011), and tobacco
primed with putrescine (Xu et al. 2011). Seed priming has also
proven useful in large-seeded crops that require time to imbibe
before germination, especially in pulses (Arif et al. 2008). While
seed priming can improve seedling establishment under stressful
conditions, it can make seeds more susceptible to deterioration in
storage, depending upon the storage conditions (Hill et al. 2007).
Priming cannot compensate for poor seed vigor due to the
genetic background of plants, and it should be used in
coordination with seeds bred for high vigor to increase stand
establishment under stressful conditions or uniformity under
optimal conditions (e.g., for transplants).

Genetic dissection of seed vigor traits using linkage and
association mapping
Genetic background is an essential determining factor in seed
performance (Saux et al. 2020). However, because of its complex-
ity, many aspects of seed vigor have remained elusive targets for
those seeking to improve it through traditional breeding methods.
Advances in genomics have sprung open the door to the
improvement of seed vigor through QTL pyramiding and
marker-assisted breeding.
In rice, researchers have identified and fine-mapped QTLs

associated with seed vigor, providing tightly linked DNA markers
for breeding (Supplementary Table S1). RILs have proven useful for
identifying QTLs for seed vigor based on seed maturity stage at
harvest (Liu et al. 2014; Lai et al. 2016), for seed longevity (Raquid
et al. 2021), and early seedling vigor (Zhang et al. 2017). In
coordination with genome-wide association studies (GWAS), RILs
have helped identify specific candidate seed vigor genes (Guo et al.
2019). Differential gene expression analysis paired with QTL
mapping provides an additional avenue for identifying candidate
vigor genes (Yang et al. 2021). Recently, QTLs associated with vigor
are also being identified in wild rice varieties and provide additional
options for backcrossing seed vigor QTLs into domesticated cultivars
for high yielding, high vigor rice (Jin et al. 2018).
Although most QTL studies for seed vigor have been conducted

in rice, numerous studies have explored seed vigor in other cereals
(Supplementary Table S1). In wheat, QTL mapping and candidate
gene analysis have provided a basis for functional identification of
related candidate genes for seed vigor (Shi et al. 2020). In maize, RILs
have been used to identify seed vigor QTLs associated with seed
maturity stage at harvest (Jing-bao et al. 2011), seed longevity (Han
et al. 2018), tolerance of stressful germination conditions (Han et al.
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2014), and after artificial aging (Wu et al. 2020). In barley and oat,
QTLs have been paired with GWAS to identify candidate vigor genes
(Thabet et al. 2018; Huang et al. 2020).
Relatively few QTL studies assessing seed vigor have been

conducted outside cereal crops. However, some work has identified
QTLs associated with seedling vigor in tomato (Supplementary Table
S1; Khan et al. 2012) and Brassica rapa (Supplementary Table S1;
Basnet et al. 2015). QTLs associated with low-temperature stress in
rapeseed have also been identified (Luo et al. 2021). In common
bean, a QTL analysis identified a locus associated with reduced
physical seed dormancy in domesticated plants (Supplementary
Table S1; Soltani et al. 2021). Numerous QTLs for longevity in
soybean (Dargahi et al. 2014; Zhang et al. 2019), lettuce (Schwember
and Bradford 2010), and rapeseed (Wang et al. 2018) provide a basis
for breeding improved seed storage life of these crops.

Genetic engineering and gene editing
Now that significant progress has been made in the mapping of
QTLs associated with seed vigor and the identification of the
candidate genes involved, this data has begun to inform strategies
for crop improvement. Outside of targeting seed dormancy,
genome editing is an uncommon approach to improving the
complex trait of seed vigor in part due to a large number of small
effect loci. However, advances in understanding the genetic basis
of seed vigor have proven effective at both exploring the function
of specific candidate genes and for improving seed vigor. For
example, among the proteins identified in a proteomic study of
soybean was annexin, GmANN (Wei et al. 2020). Annexins are
proteins important in plant stress responses, but they have not
been found previously in developing seeds. The researchers
transferred the GmANN gene to Arabidopsis, and the transgenic
line had greater resistance and higher seed vitality under high-
temperature and humidity stress compared to wild-type seeds
(Wei et al. 2019). MiRNAs have also been targeted for improving
seed vigor. MiR168 and miR164 are both important plant
regulatory miRNAs, and overexpression of miR168a combined
with silencing of miR164c results in higher seed germination
percentages in AA seeds in rice (Zhou et al. 2020), demonstrating
that the genetic manipulation of miRNAs may improve seed
longevity. Additional work to improve seed vigor through genetic
modification has been reviewed (Wu et al. 2017).

CONCLUSION
While maintaining food security in the coming decades poses a
challenge due to increased demand and climate change, advance-
ment in genetics and genomics is opening the door for improving
seed vigor and other key agricultural traits involved in seed quality
and marketable yield (Fig. 4). Research into the genetic under-
pinnings of seed dormancy and vigor will continue to identify key
candidate genes associated with seed development, longevity, and
field germination speed, and subsequent studies targeting these
genes for manipulation will help uncover their role in improving seed
vigor as well as their value for improving agricultural productivity.
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